the A2a and A2b receptors interact with Gs to stimulate adenylyl cyclase activity and elevate intracellular cAMP levels, the A1 and A3 receptors couple with Gi proteins Adenosine is an adenine nucleoside that may originate and are associated with two effector signaling systems; from hydrolysis of adenine nucleotides [adenosine 5Ј-triadenylate cyclase and phospholipase C [12] . The availphosphate (ATP), adenosine diphosphate (ADP)] by nuability of agonists specific for the four adenosine receptor cleotidases or from the intracellular enzymatic conversion subtypes has allowed investigators to explore presence of S-adenosylhomocysteine to adenosine. It is transported and role of these receptors on glomerular cells. Most pubin and out of cells by facilitated diffusion through specific lished work involved cultured rodent mesangial cells. It nucleoside transporter proteins [1] . Adenosine is metabwas shown that stimulation of the A1 or A2 receptor is olized within seconds by the enzyme adenosine deamilinked to responses such as mesangial cell proliferation, nase to inosine or is phosphorylated by adenosine kinase modulation of intracellular cAMP levels and stimulation to form 5Ј-AMP. Adenosine is always present in the extraof mesangial cell nucleotidase activity [3, 5] . cellular milieu at concentrations in the mol/L range, but Mesangial cell hypercellularity is commonly observed its release is increased following degradation of intracelin proliferative forms of glomerular injury and its resolution has been proposed as a mechanism of restoring glomerular architecture. For example, in an immune-medi-otidases were shown to play an anti-inflammatory role [4] attributed to suppressor effects of their product, ade- 2002 by the International Society of Nephrology nosine on platelet aggregation, on cytokine release, and ments, cells were incubated in the aforementioned medium in the absence and presence of the adenylyl cyclase on modulation of leukocyte function [14] . It is unknown whether the anti-inflammatory role of adenosine instimulator forskolin. At completion of incubations with the above adenosine receptor agonists/antagonists, experivolves mechanisms other than the aforementioned effects. One mechanism could involve resolution of gloments were terminated and cell number was determined by trypsinization and counting using a hemacytometer. merular hypercellularity via apoptosis. In this study, we explored whether adenosine induces mesangial cell apoDead cells were identified and counted by the trypan blue exclusion analysis. Briefly, trypsinized cells were washed ptosis and identified the adenosine receptor that mediates apoptotic cell death.
with phosphate-buffered saline (PBS) twice, resuspended in 0.5 mL of PBS at defined dilutions (usually 1:10 vol/ vol) and mixed with an identical volume of trypan blue METHODS reagent (available as a 0.4% solution). After thorough Dulbecco's modified Eagle's medium/Ham's F-12 mixing, aliquots were transferred into the chamber of a (DMEM/F12), fetal bovine serum (FBS), penicillin/ hemacytometer. Following even distribution of cells into streptomycin (P/S), and 0.25% trypsin-ethylenediaminethe four quadrants of the hemacytometer, all trypan tetraacetic acid (EDTA) were purchased from GIBCO blue-positive and -negative cells were counted in each (Life Technologies, Grand Island, NY, USA). 8-Bromoquadrant. Results were expressed either as dead (trypan adenosine 3Ј:5Ј-cyclic monophosphate (8-bromo-cAMP), blue positive) cell counts, or as extent of cell death calcu-1-Deoxy1- pended and layered onto poly-l-lysine-coated slides (Sigma). Cells were then air-dried in a tissue culture hood Cell cultures for 15 minutes and fixed with 10% buffered formalin for An SV40 transformed mouse mesangial cell line 25 minutes at room temperature. Cells were subse-(MES13) obtained from ATCC (Rockville, MD, USA) quently washed three times with PBS and permeabilized and cultured in DMEM/F12 medium supplemented with by 0.2% triton-X-100 solution in PBS for five minutes 5% heat-inactivated FBS, 14 mmol/L HEPES, 1% P/S at room temperature. After washing twice, cells were was used in all experiments. Cells were grown at 37ЊC equilibrated for 10 minutes in equilibration buffer [200 under 5% CO 2 , 95% air. mmol/L potassium cacodylate, pH 6.6, 25 mmol/L TrisHCl, pH 6.6, 0.2 mmol/L dithiothreitol (DTT), 0.25 Use of adenosine receptor agonists/antagonists mg/mL BSA, 2.5mmol/L cobalt chloride], and incubated Mesangial cell were suspended in DMEM/F12 mein TdT reaction mixture (equilibration buffer 98 L, dium containing 5% FBS, 14 mmol/L HEPES and 1% Biotinylated Nucleotide mix 1 L, and TdT enzyme 1 P/S, and plated in 24-well culture dishes at a density of L; total volume 100 L) at 37ЊC for 60 minutes in 1 ϫ 10 4 cells/well. After incubation for 12 hours, cells humidified chambers. After immersing the slides in 2 ϫ were fed DMEM/F12 containing insulin-transferrin-SSC (NaCl, sodium citrate) for 15 minutes at room temselenium (ITS), 14 mmol/L HEPES and 1% P/S for 48 perature and washing the slides twice in PBS, endogehours to achieve growth arrest. Cells were subsequently nous peroxidases were blocked by immersing the slides incubated with DMEM/F12 containing ITS, 14 mmol/L in 0.3% hydrogen peroxide for five minutes at room HEPES and 1% P/S for another 48 hours in the absence temperature. Slides were then incubated with horseradand presence of either: adenosine alone, the A3 adenoish-peroxidase-labeled streptavidin (HRP) solution for sine receptor agonist IB-MECA, the A2 adenosine re-30 minutes and washed twice with PBS. Finally, slides ceptor agonist NECA, the A2a adenosine receptor agowere incubated with diaminobenzidine (DAB) componist CGS21680, the A1 adenosine receptor agonist R-PIA, nents (DAB substrate, DAB chromogen, and hydrogen the A3 adenosine receptor antagonist MRS1191, the A1 peroxide) for 10 minutes, rinsed three times in deionized adenosine receptor antagonist DPCPX, or the A2 adewater, and examined under a light microscope. One hundred cells were examined in each of five random fields nosine receptor antagonist DPSPX. In separate experi-and those demonstrating apoptotic (dark brown col-Ϫ20ЊC overnight and, after centrifugation, DNA pellets were washed with 75% ethanol and air-dried. DNA elecored) nuclei were identified as TUNEL-positive cells and counted. Results were expressed as percentage of trophoresis was carried out in 1.5% agarose gels containing 1 mg/mL ethidium bromide. DNA fragments were TUNEL-pos itive cell number/TUNEL-pos itive plus TUNEL-negative cell number.
visualized by exposing the gel to UV light.
Assay of cAMP production Identification of apoptosis by flow cytometry
An apoptosis detection method was employed based A commercially available method (kit) was employed using the manufacturer's instructions. Briefly, mesanon use of a monoclonal antibody against the nucleotide bromodeoxyuridine triphosphate (Br-dUTP). This nugial cells were incubated in standard 96-well plates in DMEM/F12 medium containing ITS, 14 mmol/L HEPES, cleotide becomes incorporated in a template independent manner to the 3Ј-hydroxyl ends of double and and 1% P/S at 37ЊC overnight. Cells were subsequently incubated with or without adenosine or the adenosine single stranded DNA strand breaks. Incorporation is catalyzed by deoxynucleotidyl transferase (TdT). Inreceptor agonist IB-MECA for 10 minutes at 37ЊC. Excess culture media were aspirated and 200 L/well of corporated Br-dUTP and, therefore, DNA break sites, are identified by a FITC-labeled anti-BrdU monoclonal diluted lysis reagent 1B (0.25% solution of dodecyltrimethylammonium bromide) was added under constant antibody. A commercially available kit (APO-BRDU kit; PharMingen, San Diego, CA, USA) and the manufacshaking for 10 minutes. One hundred microliters of lysis reagent 1B were mixed with 100 L of unknown sample turer's instructions were employed. Briefly, mesangial cells were cultured in six well plates in DMEM/F12 me-(cell lysate) and with 100 L of antiserum (rabbit anticAMP) for two hours at 4ЊC. Fifty microliters of cAMPdium containing ITS, 14 mmol/L HEPES and 1% P/S with or without adenosine (ADO) or the ADO A3 recepperoxidase conjugate were added into all wells except the blank and incubated at 4ЊC for 60 minutes. Wells were tor agonist (IB-MECA) for 48 hours. After incubation and trypsinization, cells were fixed with 1% paraformalwashed four times with 400 L wash buffer (0.01 mol/L phosphate buffer, pH 7.5, 0.05% Tween 20) and 150 L dehyde in PBS and placed on ice for 15 minutes. Cells were then washed twice in PBS, exposed to ice-cold 70% enzyme substrate (3,3Ј,5,5Ј-tetramethylbenzidine/hydrogen peroxide, 20% dimethylformamide) was immediethanol and placed at Ϫ20ЊC overnight. Cells were subsequently washed twice, centrifuged, and resuspended ately dispensed into all wells and incubated for 60 minutes at room temperature. Sulfuric acid (0.1 mol/L) was in 50 L of DNA labeling solution for 60 minutes at 37ЊC under shaking every 15 minutes to keep them suspended.
then added into each well, mixed, and the optical density was determined in a plate reader at 450 nm within 30 Cells were then washed twice with rinse buffer and pellets were resuspended in 100 L of a fluorescein-labeled minutes. Results were expressed as fmol of cAMP/well. anti-Brdu antibody solution in the dark for 30 minutes RT-PCR analysis for detection of adenosine receptor at room temperature. Five hundred microliters of a promRNA transcripts pidium iodine (PI)/RNase A solution was then added for 30 minutes at room temperature and cells were anaTotal RNA isolated from mesangial cells was reverse transcribed and the single-stranded cDNA products lyzed by flow cytometry (Becton Dickinson, San Jose, CA, USA).
were denatured and subjected to polymerase chain reaction (PCR) amplification (35 cycles) with each of the Identification of apoptosis by DNA following primers. fragmentation analysis Cells (1ϫ10 7 ) were lysed in a 0.8 mL cell lysis solution A1 receptor: forward 5Ј-CTCCATCCGAATTCCAC TCCGGTA-3Ј, reverse 5Ј-ACACTGCCGTTGGCT containing 20 mmol/L Tris-HCl, pH 7.4, 0.1 mol/L NaCl, 5 mmol/L EDTA and 0.5% sodium dodecyl sulfate CTC-3Ј. A2a receptor: forward 5Ј-CCATGCTGGGCTGGA (SDS). Lysates were incubated with 100 g/mL proteinase K at 37ЊC overnight. The proteinase K digested ly-ACA-3Ј, reverse 5Ј-GAAGGGGCAGTGACACG AACG-3Ј. sates were mixed with 0.8 mL phenol/chloroform (1:1), and the mixture was centrifuged at 14,000 ϫ g for 20
A2b receptor: forward 5Ј-TGGCGCTGGAGCTGGT TA-3Ј, reverse 5Ј-GCAAAGGGGATGGCGAAG-3Ј. minutes. DNA in the aqueous phase was incubated with 5 g/mL DNase-free RNase A at 37ЊC for one hour A3 receptor: forward 5Ј-CCATGTTTGGCTGGAA TAGA-3Ј, reverse 5Ј-AGAGCCTGCAAGCTCTG and extracted with phenol/chloroform again. DNA was collected by precipitation performed by mixing the aque-TGG-3Ј). ous (DNA containing) phase with an identical volume of isopropanol and addition of 0.1 mL of 5 mol/L NaCl Each PCR cycle consisted of denaturing at 95ЊC for 30 seconds, annealing at 55ЊC for 30 seconds, and extento this mixture. Precipitation was allowed to occur at sion at 72ЊC for 60 seconds. PCR products were run on 2% jugated anti-goat serum (diluted 1:2500 in TBST with agarose gel and examined by ethidium bromide staining.
3% nonfat dry milk). Immunoreactivity was detected using the enhanced chemiluminescence system (ECL;
Preparation of cell lysates, immunoprecipitation and
Amersham, Piscataway, NJ, USA).
Western blot analysis
Mesangial cells were collected by centrifugation at Statistical analyses 1500 ϫ g for seven minutes. Pellets were washed with Results are presented as mean Ϯ SD, and were ana-PBS and lysed on ice with 0.5 mL immunoprecipitation lyzed using t test statistics for unpaired observations. buffer (20 mmol/L HEPES, pH 7.9, 1 mmol/L EDTA, Significance was established when the probability (P) 1 mmol/L DTT, 0.1% Tween 20, 10% glycerol) convalue was less than 0.05. taining 0.4 mol/L NaCl, and protease inhibitors for 30 minutes. Pellets were centrifuged at 14,000 ϫ g to remove cellular debris. Protein concentration of the lysates was RESULTS determined using the Bradford method (Bio-Rad, HerAdenosine reduces mesangial cell number cules, CA, USA). Lysates containing equal amounts of protein were incubated with 2 g of either anti-A3 recep- Figure 1A demonstrates the effect of adenosine (ADO) tor or anti-A1 receptor or anti-A2a receptor or anti-A2b employed at concentration range from 1 mol/L to 1000 receptor antibody (Santa Cruz Technology, Santa Cruz, mol/L on mesangial cell number following a 48 hour CA, USA) for one hour at 4ЊC. The antigen-antibody incubation. A dose-dependent decrease was observed at complexes formed were precipitated by mixing with proconcentrations from 100 mol/L to 1000 mol/L. To extein G-agarose (Santa Cruz Technology) and agitating plore whether the decrease in cell number was due to at 4ЊC overnight. Immune complexes were collected by cell death, we performed trypan blue exclusion analycentrifugation at 1,500 ϫ g for five minutes at 4ЊC, sis. As shown in Figure 1B , ADO dose-dependently inwashed four times with PBS, run on 4% to 20% gradient creased extent of cell death at concentrations from 100 polyacrylamide gels and electrophoretically transferred mol/L to 1000 mol/L. to nitrocellulose membranes. Membranes were blocked overnight at 4ЊC with 5% nonfat dry milk in TBST (10 Adenosine induces mesangial cell death via mmol/L Tris-HCl, pH 7.5, 140 mmol/L NaCl, 1.5 mmol/L stimulation of the A3 receptor MgCl 2 , 0.05% Tween 20) and incubated with the aforeTo explore the type of adenosine receptor via which mentioned primary antibodies (1:500 dilution in TBST ADO induces cell death, mesangial cell were incubated with 3% nonfat dry milk) for 30 minutes. After washing in the presence or absence of agonists specific for the A1, in TBST three times (15 min each wash), membranes were incubated with horseradish peroxidase (HRP)-conA2a, A2b and A3 adenosine receptors. As shown in Fig-Fig. 2 . Adenosine induces mesangial cell death via stimulation of the A3 receptor. Mesangial cell were incubated with or without adenosine ure 2, the A3 receptor agonist IB-MECA induced cell death the magnitude of which was comparable to that of ADO alone. The A2a, A2b or A1 receptor agonists had no effect. The A3 receptor agonist IB-MECA dosedependently induced MC death when employed at concentrations higher than 10 mol/L (Fig. 3) . To explore specificity of mesangial cell death induced by A3 receptor stimulation, cells were incubated with the A3 recep- with the A3 receptor agonist IB-MECA in the presence of either the A1 receptor antagonist DPCPX or the A2 ence of A3, A1 and A2b receptor mRNA transcripts but lack of A2a transcripts (Fig. 9) . Immunoprecipitation receptor antagonist DPSPX had no effect (Fig. 4) .
of A3 receptor protein from mesangial protein lysates A3 receptor-mediated mesangial cell followed by Western blot analysis revealed a single 70 kD death is apoptotic band (Fig. 10 , lane 2) that co-migrated with A3 receptor To explore whether mesangial cell death induced by protein present in mouse heart protein lysates (used as stimulation of the A3 adenosine receptor was due to a positive control standard) that were electrophoresed apoptosis, we assessed and quantified presence of apoin parallel. Immunoprecipitation of A1, or A2a or A2b ptotic cells by demonstrating DNA fragmentation in agareceptor protein from mesangial cell lysates followed by rose gels, by performing the TUNEL assay and by perWestern blot analysis revealed no detectable bands in forming flow cytometry using an anti-BrdU monoclonal Western blots (data not shown). antibody as described in the Methods section. As shown in Figure 5 , lane 2, incubation of mesangial cell with the DISCUSSION A3 receptor agonist IB-MECA (30 mol/L) induced a Our observations demonstrate that murine mesangial DNA ladder pattern characteristic of DNA fragmentacells undergo cell death when exposed to adenosine. Cell tion. Figure 6B demonstrates presence of cells with apodeath was identified by the well-established trypan blue ptotic (dark brown colored) nuclei (TUNEL positive exclusion analysis method. Trypan blue positivity cannot cells) in a preparation of MC incubated with the A3 distinguish apoptotic from necrotic cell death, as cells receptor agonist IB-MECA (30 mol/L). Figure 7 demthat are in late stages of apoptosis (also referred to as onstrates extent of apoptosis assessed by flow cytometry secondary necrosis) can also be trypan blue-positive. To using the anti-BrdU monoclonal antibody. Both ADO confirm that adenosine-induced mesangial cell death was (300 mol/L) and the A3 receptor agonist IB-MECA apoptotic, we employed three established methods that (30 mol/L) increased apoptotic cell number (Fig. 7 C detect apoptosis: DNA fragmentation, TUNEL assay, and E compared to A). The specificity of A3 receptorand flow cytometry using a monoclonal antibody against mediated apoptotic cell death is shown in Figure 8 . AdeBrdU. These methods confirmed apoptosis following exnosine dose-dependently increased percentage of TUposure of mesangial cells to adenosine (Figs. 7C and NEL positive cells (identified and quantified by Fig. 8) . Using a specific agonist for the A3 adenosine microscopy as shown in Fig. 6 ). The A3 receptor agonist receptor, we demonstrated that the adenosine-induced IB-MECA (60 mol/L) increased percentage of TUNEL apoptotic cell death was mediated via stimulation of the positive cells to 58.6%. Coincubation of MC with IB-A3 receptor (Figs. 5, 6 and 7) . Thus, the extent of apopto-MECA and the A3 receptor antagonist MRS1191 sigsis in response to adenosine was comparable to that in nificantly reduced percentage of TUNEL positive cells response to the adenosine A3 receptor agonist IBto 15%.
MECA (Fig. 7 C, E) , and the A3 receptor antagonist Adenosine receptor expression in mesangial cells MRS1191 attenuated apoptotic death induced both by adenosine and by the A3 adenosine receptor agonist Reverse transcription-polymerase chain reaction (RT-PCR) analysis of total mesangial cell RNA revealed pres-IB-MECA (Fig. 7 D, F) . The specificity of A3 receptor- proliferation [5] . None of these studies identified or characterized adenosine receptors at the molecular (RNA or protein) level. Using RT-PCR, we demonstrate that murine mesangial cells express A1, A2b and A3 receptor, mediated apoptotic cell death was further demonstrated but not A2a receptor transcripts (Fig. 9) . Using immunoin the experiment shown in Figure 4 ; cell death following precipitation followed by Western blot analysis we could A3 receptor stimulation by the A3 receptor agonist IBonly identify A3 receptor protein (Fig. 10) . The inability MECA was attenuated by the A3 receptor antagonist to detect A1 or A2 receptor protein indicates either MRS1191, but not by the A1 receptor antagonist DPCPX that there is no translation of mRNA to protein or that or by the A2 receptor antagonist DPSPX.
abundance of these receptor proteins in cell lysates was Although the presence of mesangial cell adenosine not of sufficient amounts to be immunoprecipitated or to receptors was previously described, those observations be detected by the antibodies employed. These findings, were based solely on use of agonists for the A1 receptor taken together with the observation that cell death (the (compound R-PIA) or for the A2 receptor (compound outcome of main interest in the present studies) was NECA). Thus, Olivera and Lopez-Novoa described that induced only via stimulation of the A3 adenosine recepthe A1 receptor agonist R-PIA decreases while the A2 tor (Fig. 2) , indicate that only the A3 receptor is linked receptor agonist NECA increases intracellular cAMP to mesangial cell apoptotic death. levels in rat mesangial cells , decreased expression of the anti-apoptotic gene bcl-2, and increased levels of caspase-3, a cytosolic protease believed to play receptor agonists employed. As shown in Table 1 , adenoa central role in cleavage of intracellular proteins and sine and the adenosine A2 receptor agonist NECA sigin the development of apoptotic morphology [19] . nificantly increased cAMP levels, while the A1 receptor
The significance of adenosine-induced mesangial cell agonist R-PIA, the A2a receptor agonist CGS12680 and apoptosis in normal glomerular physiology and in glothe A3 receptor agonist IB-MECA had no statistically merular injury remains to be explored. Hypercellularity significant effects. The observation that A2 receptor of mesangial cells frequently occurs in various forms of stimulation increased cAMP can be viewed as functional glomerular injury and its resolution could be an imporevidence for the presence of this receptor despite the tant mechanism in restoring glomerular architecture and fact that no A2 receptor protein could be detected by function. In this context, two independent groups of inimmunoprecipitation combined with Western blot analyvestigators reported that mesangial cell apoptosis is a sis. We propose that this most likely is the A2b receptor, mechanism for resolution of glomerular hypercellularity as it was also detected at the molecular level by RTin glomerulonephritis induced by administration of anti-PCR (Fig. 9) . In contrast, the A2a receptor was undetectbody against the Thy 1.1 antigen [13, 20]. They proposed able by RT-PCR (Fig. 9 ) and the A2a receptor agonist that apoptosis was a homeostatic mechanism controlling GS 13680 had no significant effect on cAMP levels (Taglomerular cell population by removing excess or "unble 1). The observation that stimulation of the A2 rewanted" cells, thereby having a beneficial effect. Howceptor using the NECA agonist significantly increased ever, in non-proliferative forms of glomerular injury excAMP levels (Table 1) but did not induce apoptotic cell emplified by glomerulosclerosis developing in the rat death (Fig. 2) indicates that cAMP (known to be a potent remnant kidney model, apoptosis may be involved in the inducer of apoptosis in rat mesangial cells) is an unlikely glomerular cell deletion process occurring in the course of glomerulosclerosis in which cells are replaced by extramediator of apoptosis following adenosine receptor sim-
